Patients with neuropsychiatric and neurological disorders often express limbic circuit abnormalities and deficits in information processing. While these disorders appear to have diverse etiologies, their common features suggest neurodevelopmental origins. Neurodevelopment is a prolonged process of diverse events including neurogenesis/apoptosis, axon pathfinding, synaptogenesis, and pruning, to name a few. The precise timing of the neurodevelopmental insult to these processes likely determines the resulting functional outcome. We used the epilepsy and schizophrenia-related gestational day 17 methylazoxymethanol acetate model to examine the impact of this timed neurodevelopmental insult on principal cell morphology and synaptic network function of the dorsal hippocampus (dHPC) circuit. Our observed structural and functional alterations in dHPC are compartment specific, indicating that adverse global exposure during gestation can produce specific alterations and distort information processing in neural circuits that underlie cognitive abilities.
Introduction
Neurodevelopmentally altered brain circuits are thought to underlie schizophrenia (Insel 2010; Lewis and Levitt 2002; Weinberger 1987 Weinberger , 1996 Jaaro-Peled et al. 2009 ), a multifaceted and heterogeneous disease that has had few promising treatment advances over the last decades (Lieberman et al. 2005) . Neurodevelopmental abnormalities in schizophrenia are proposed to arise from genetic susceptibility, neurodevelopmental insults during gestation, such as maternal illness, malnutrition, or exposure to environmental toxins, and complications during labor (Lewis and Levitt 2002) , the timing of which is anticipated to be important in determining which systems and processes are impacted. If this neurodevelopmental hypothesis is correct, developmental consequences are predicted to be present in affected individuals at multiple levels of biological function and cognitive behavior.
Studies utilizing the epilepsy and schizophrenia-related gestational day 17 (GD17) methylazoxymethanol acetate (MAM) model have shown that exposure to this mitotoxic DNA methylating agent results in abnormalities at various neurobiological levels investigated, including structural, physiological, and behavioral abnormalities during adulthood (Hernan et al. 2018) . Most studies have focused on the abnormal interactions between the medial prefrontal cortex and ventral HPC that results in abnormal dopamine function (Lodge and Grace 2007) , thought to be related to behavioral abnormalities such as sensorimotor gating deficits, measured as impaired prepulse inhibition of startle (Moore et al. 2006) , hyperlocomotion (Moore et al. 2006; O'Reilly et al. 2016; Ratajczak et al. 2015) , and working memory deficits (Gourevitch et al. 2004) .
The dorsal hippocampus (dHPC) has been understudied in GD17-MAM rats, in spite of reported reductions in dHPC area and altered dHPC morphology (Matricon 1 3 et al. 2010; O'Reilly et al. 2016; Moore et al. 2006 ) and in spite of reported behavioral abnormalities typically associated with dHPC function, including deficits in spatial learning (Gastambide et al. 2015) and cognitive ability in epilepsy (Lucas et al. 2011; Hernan et al. 2018) . We previously showed that GD17-MAM-exposed rats have minor memory impairments with intact cognitive control in the dHPC-dependent two-frame active place avoidance task (O'Reilly et al. 2016) , indicating that some, but not all, components of the dHPC circuit will be abnormal. To investigate the aspects of dHPC circuitry abnormalities that may underlie these observed memory deficits, we examined cellular morphology and functionality of input and output within dHPC. We find that there are not global abnormalities in circuit structure and function, but that sub-circuit input, output, and input-output relationships are altered.
Methods

Animals
Pregnant Long-Evans rats arrived at the New York University animal facilities on GD10 and were housed individually. On GD17, rats were given either 26 mg/kg MAM (in 500 µL saline) or saline intraperitoneally (i.p.). Male pups were weaned at P24 and group-housed until P42-56, after which they were individually housed. Rats were maintained on a 12:12 light:dark cycle and had free access to food and water.
Golgi studies
Tissue preparation
Adult rats aged P70-75 were anesthetized with isoflurane and immediately decapitated. Their brains were quickly extracted and the front of the brain was removed by creating a coronal cut just posterior to the optic chiasm. The cerebellum was removed from the posterior portion of the brain, which was then cut into two hemispheres. The frontal piece and the left and right hemispheres were Golgi impregnated using the FD rapid Golgi Stain kit (FD NeuroTechnologies, Inc., Columbia, MD) according to the manufacturer's instructions. Briefly, the brains were allowed to incubate at room temperature in solutions A + B for 14 days and then were stored at 4 °C in solution C for 4-5 days, at which point they were cut into 250 µm thick coronal sections on a vibratome in a bath of solution C. The sections were placed on gelatin-coated slides and allowed to air dry for up to 1 week before being processed for the Golgi stain.
Layer measurements
Sections were selected from each animal that were at approximately the same anterior-posterior location. Three measurements were taken for each layer [Stratum oriens, Stratum pyramidale, Stratum radiatum (str. rad.) , Stratum lacunosum moleculare (slm), molecular layer, and granule cell layer] using the quick measure tool of Neurolucida morphometry software (version 11.11.2, Microbrightfield, Inc., Cholchester, VT) at 4× magnification using an Olympus BX5T microscope. These three measurements were averaged to give a value for each animal.
Neuronal tracing
Neurons were traced using the same morphometry software at 20× or 40× magnification. Neurons were selected for tracing on the criteria that they were well isolated from other neurons and were located in the dorsal hippocampus. Dentate gyrus neurons were selected from the upper blade of the granule cell layer. The Sholl analysis was performed using Neurolucida Explorer 11 Software with an increment of 20 µm set for the increasing diameter of the concentric circles. The branch order was determined on the traced neurons by manually coding each branch based on the first branch which protrudes directly from the soma (first order) and increasing the order at each node. The thickness of the granule cell and molecular layers were measured close to the location of each traced neuron and recorded using the same software. The molecular layer can be divided into thirds, each of which receives projections predominantly from the return projections of the hilus, the medial entorhinal cortex, and the lateral entorhinal cortex, respectively. The thickness of the molecular layer was used on a neuron-by-neuron basis to determine the inner, middle, and outer third to calculate the length of dendritic branching in each terminal region. To compute the dendritic length in str. rad. and slm for CA1 pyramidal neurons, the neurons were traced and the Sholl analysis was performed to place concentric rings around each neuron. The neuron, with the concentric rings, was then compared to the tissue to determine the start and stop locations of each layer.
Spine analysis
The spine analysis was performed at 100× magnification using the same morphometry software. Branches from the middle third of the molecular layer were used for the analysis. The middle third was estimated by eye. Z-stack images of branch segments were acquired at 0.1 µm intervals. Spines were classified as filopodia, thin, stubby, or mushroom using criteria similar to (Risher et al. 2014) , with the exception that mushroom spines were classified based on a thick head and thin neck instead of using a measurement greater than 0.6 µm. The experimenter was blinded to the group for all of the Golgi studies.
In vivo hippocampus evoked responses
Naïve 70-to 100-day-old rats were anesthetized with 1.20 g/ kg urethane (i.p.) and placed in a stereotaxic frame. A 16-site linear-array silicon electrode with 30 µm diameter recording contacts and 100 µm spacing (Neuronexus, Ann Arbor, MI; p/n: A 1 × 16-5 mm-100-703) was placed in dHPC to span all layers of CA1 and DG. A six-wire stimulating electrode bundle was placed in the contralateral ventral hippocampal commissure and a second stimulating bundle was placed in the ipsilateral perforant path. The stimulating electrodes were made by twisting six nichrome wires (75 µm) together and were cut at an angle so as to span 1 mm. The following coordinates were used to target the ventral hippocampal commissure (anteroposterior: − 1.2 mm from Bregma; mediolateral: − 1.0 mm; dorsoventral: − 3.4 mm) and the perforant path (anteroposterior: − 7.6 mm from Bregma; mediolateral: 4.1 mm, dorsoventral: 2.5-3.0 mm). The two-wire combination that evoked the largest response was selected for the stimulation experiments. A constant current stimulus isolation unit (WPI, Sarasota, FL; model: A365RC) was used to deliver individual unipolar 150 µs stimulus pulses across the electrode pair.
The response to stimulation was recorded using an Axona USBdacq recording system (St. Albans, UK) that was optimized for recording evoked potential responses. An attenuating resistor (either 18 or 47 kΩ) was connected to the Axona input to maximize the effective number of bits used for digitization. The signals were low-pass filtered < 5 kHz and digitized at 48 kHz. The recorded signals were multiplied by either 1 (for the 18 kΩ resistor) or 2.3 (for the 47 kΩ resistor).
Each input pathway was stimulated independently and the stimulus-response features were measured from input-output curves. We analyzed the field excitatory postsynaptic potential (fEPSP) and population spike (PS) responses from the current source density (CSD), allowing for source localization by minimizing volume conducted signals. fEPSP and PS responses were analyzed off-line using custom MATLAB software. Spike times were estimated on an animal-by-animal basis and used to constrict the window for estimating fEPSP. For perforant path stimulation, fEPSP responses were estimated in the time window starting 1.5 ms after the stimulation was delivered and 1 ms before any population spike activity was observed to avoid the inclusion of dendritic spikes in the synaptic activity (Herreras 1990 ). The input-output curves were generated from stimulus intensities ranging from 100 to 1000 µA in steps of 100 µA. At each stimulus intensity, four responses were recorded. The CSD analysis was performed by computing the second spatial derivative, without smoothing, along the depth of the probe whose sites were spaced 100 µm apart.
Each fEPSP and population spike was measured from each of the four CSD responses at each stimulus and then averaged.
To analyze responses to ventral hippocampal commissure stimulation, the population spike was measured at the pyramidal layer of CA1 and the fEPSP was measured as the negative slope response in str. rad. We were unable to make reliable estimates of fEPSP for ventral hippocampal commissure stimulation when the time window was set to terminate 1 ms before the spike time because the onset of the synaptic activity occurred too close to the population spike in CA1 and the slope was too steep. We therefore estimated fEPSP by taking the steepest rising slope in the pyramidal layer and negative slope in str. rad. For stimulation intensities above the stimulation required to elicit a population spike the waveforms of these synaptic currents contain a small bump where the population spike activity occurred, but the synaptic sink persisted regardless of the population spike. This is similar to what has been reported previously as a feature of synaptic activity, whereas dendritic spikes would co-terminate with the action potential (Herreras 1990 ). The waveform, therefore, provides confidence that our estimate of fEPSP is not contaminated greatly by dendritic spiking activity. Finally, we performed one other estimate of the synaptic activity elicited by perforant path or ventral hippocampal commissure stimulation at a low intensity that did not elicit a spike and at the maximum stimulation intensity by taking the CSD depth at 1 ms prior to the population spike time elicited by the maximum stimulation intensity.
We also calculated the area under the curve for the preand post-spike sinks and sources at each layer. The pre-spike time was taken as 1.5 ms after the stimulation was delivered until the PS. The post-spike time was taken as the time from when the PS occurred until 20 ms after the stimulation was delivered. For the perforant path stimulation, the PS in the granule cell layer of the dentate gyrus was used. In the case of ventral hippocampal commissure stimulation, the timing was based on the PS in the CA1 pyramidal layer. To quantify the response at CA1 after perforant path stimulation, the negative response was quantified in slm, predominantly seen in the upper slm channel, by computing the area under the curve from 1.5 to 20 ms after the stimulation was delivered.
Curve fitting to examine multivariate relationships
For the dentate gyrus, the slope of the fEPSP-PS (E-S) coupling between the molecular layer and the granule cell layer was analyzed by fitting a Boltzman function to the data using the following equation with PS as a function of fEPSP:
where PS max is the estimated maximum PS observed, fEPSP 50 is the fEPSP associated with the 50% PS max
, response, and S is the slope. A curve was fit for each animal. All other multivariate analyses were performed using a linear fit. Multivariate analyses were performed to determine the relationships between fEPSP at the dendritic compartments and at the soma, as well as to determine the relationship between the fEPSP at the dendritic compartment and the PS at the soma.
Paired-pulse inhibition
Stimulation to assess paired-pulse inhibition was performed at 65% of the intensity required to elicit the maximal PS response. Stimulus pairs were delivered at varying interstimulus intervals between the first and second pulses (5, 10, 20, 40, 80, 160, 320, and 640 ms) . We allowed 30 s between each pair of stimuli. At each inter-stimulus interval, four responses were recorded. CSD analysis was performed to attenuate effects of volume conduction on each of the four responses. The responses for the first and second pulses were measured and the ratio of the second response to the first response used to determine the amount of inhibition on the second stimulation due to the initial stimulation. These ratios were then averaged across the four recordings.
Localization of the recording electrodes
Current source density analysis was used to locate sinks and sources after ventral hippocampal commissure or perforant path stimulation. The pattern of sinks and sources in each animal was used to localize the electrode recording sites for an individual rat. Stratum oriens, pyramidal layer, and str. rad. were identified using CSD from ventral hippocampal commissure evoked responses. The slm, molecular layer of the dentate gyrus, and the granule cell layer of the dentate gyrus were identified using CSD from perforant path evoked responses. We identified each layer by sinks or sources based on (Brankack et al. 1993; Wu and Leung 2003) . From ventral hippocampal commissure stimulation, the pyramidal layer of CA1 was identified as a long large source that included a sink that was the population spike activity. From the pyramidal layer landmark, stratum oriens was identified as the large sink just above the pyramidal layer. The str. rad. was identified as the largest sink in the 3-4 channels below the pyramidal layer. From perforant path stimulation, the granule cell layer was identified by the largest source in the lower channels that also included a sink, which was the population spike activity. From the granule cell layer landmark, the molecular layer was identified as the largest sink in the 1-2 channels above the granule cell layer. The slm was identified by two channels: the large sources above the molecular layer and early latency sink in the 1-2 channels just above the largest source. Quantification of evoked potentials from the resulting CSD traces was performed on the localized channels. The slm response was taken as the negatively sloped response from the more upper of the two identified channels. The CSD area under the curve was measured separately for the sources and sinks within a single channel.
Verification of stimulation and recording sites
At the end of the recordings, the rats were transcardially perfused with 1× phosphate buffered saline (PBS) followed by 10% formalin. The brains were extracted and stored in formalin overnight. The brains were stored in 30% sucrose in 1× PBS until they were cut on a cryostat (40 µm) and thaw mounted onto gelatin-coated slides. The sections were dried overnight at room temperature and then Nissl stained. The slides were scanned at 10× with an Olympus VS120 microscope and the images were subsequently examined for electrode tracks to verify the stimulation and recording locations. Fig. 1 GD17-MAM exposure causes subfield-specific alterations of dorsal hippocampus principal cell morphology. a Golgi impregnated tissue was used to examine layer thicknesses, primary cell morphology, and spines. It can be seen from the tissue and the reconstructed neurons that the CA1 pyramidal layer is compressed in GD17-MAM rats. b The hippocampus circuit receives its main input from the entorhinal cortex at both the molecular layer of DG (EC II) and in slm of CA1 (EC III). Information is transferred from DG to CA3 and then from CA3 to str. rad. of CA1. CA1 then acts as the main output of the hippocampus circuit. c The stratum oriens, pyramidal and str. rad. of CA1 are significantly thinned in GD17-MAM rats compared to control rats (so: Group: t 6 = 3.52; p = 0.01; pyr: t 6 = 2.86; p = 0.03; str. rad.: t 6 = 6.78; p < 0.001; slm: t 6 = 1.75; p = 0.13; mol: t 6 = 0.53; p = 0.61; grc: t 6 = 1.40; p = 0.21. Control, n = 4; GD17-MAM, n = 4). d Example Neurolucida reconstructions of granule cells from control and GD17-MAM rats (left panel) show similar cell morphologies. Dendritic length increases with distance from the cell body similarly in GD17-MAM and control rats (middle panel) and is not different between GD17-MAM and control rats in any sublayer of the molecular layer (right panel, inner mol: t 30 = 0.70, p = 0.49; middle mol: t 30 = 0.61, p = 0.55; outer mol: t 30 = 0.23, p = 0.81). e Branch order is also not different between GD17-MAM and control rats (1-3 branch order: t 30 = 0.85, p = 0.40. ≥ 4 branch order: t 30 = 0.28, p = 0.78. Granule cell neurons: Control, n = 16. GD17-MAM, n = 16). Spines were classified as thin, filopodia, mushroom, and stubby. In spite of similar overall morphology, GD17-MAM rats have an increased number of total spines per µm of branch length (thin: t 46 = 1.25, p = 0.21; filopodia: t 46 = 1.63, p = 0.11; mushroom: t 46 = 0.75, p = 0.46; stubby: t 46 = 1.13, p = 0.27; total: t 46 = 2.39, p = 0.02. Branch segments: Control, n = 24; GD17-MAM, n = 24). f Example Neurolucida reconstructions of CA1 pyramidal cells from control and GD17-MAM rats (left panel). Dendritic length of pyramidal neurons extends farther from the cell body in control rats (middle panel), and the total length within the str. rad. of CA1 is reduced in GD17-MAM rats while total branching in slm is not different (right panel, str. rad.: t 23 = 2.30, p = 0.03. slm: t 23 = 1.41, p = 0.17). Pyramidal neurons: control, n = 14; GD17-MAM, n = 11. For d, f: data is mean ± SEM for any concentric circle (distance from the neuron) that had more than 8 neurons. For all other graphs, data is mean ± SEM
Statistical analysis
Golgi analysis
Group comparisons were made for each layer thickness using a two-tailed Student's t test. Group comparisons of branching were performed using a two-tailed Student's t test for the average length of branching in each of the fiber termination regions (inner 1/3rd, middle 1/3rd, and outer 1/3rd) of the molecular layer for granule cells. The same was done for the str. rad. and slm of CA1 pyramidal neurons. For the spine analysis, the GD17-MAM group was compared to the control group for each spine type and total spines using a two-tailed t test. Statistical significance was set to 0.05 for all comparisons.
Electrophysiological analyses
Group comparisons of input/output responses were assessed by multivariate analysis of variance (MANOVA). Each response curve was evaluated separately, using stimulus intensity as a repeated measure. For the perforant path stimulation, we were unable to make reliable estimates of the fEPSP in the molecular layer for one control animal and found that the linear relationship between the fEPSP at the molecular layer and the fEPSP at the granule cell layer was a major outlier based on calculated inner and outer fences for the control group. We therefore dropped this animal from the analyses of the input-output curve at the molecular layer and the linear relationship between the molecular and granule cell layers. However, the estimates of fEPSP and PS at the granule cell layer appeared normal and these animal's data were left in for these analyses. To compare spike timing between groups, the MANOVA was performed only at the stimulation intensities at which all subjects had a population spike, which was > 100 µA for perforant path stimulation and > 300 µA for ventral hippocampal commissure stimulation.
Statistical significance was set at 0.05 for all comparisons. Two-tailed tests were performed unless stated otherwise. The statistics are included in the figure legends where possible for increased readability.
Results
Neuronal morphology
We investigated the structural details of the GD17-MAMaltered hippocampus morphology using Golgi impregnated tissue (Fig. 1a) . We assessed the thicknesses of different layers of the hippocampal circuit (Fig. 1b) , as well as the morphology of individual principal cells to determine whether or not GD17-MAM effects on neuronal structure are region specific. We measured the layer thickness in DG granule cell and molecular layers, and in the CA1 Stratum oriens, Stratum pyramidale, str. rad., and slm layers. GD17-MAM and control rats have similar thickness of DG layers (Fig. 1a,  c) . In contrast, the CA1 region is markedly shrunk in GD17-MAM rats, with significantly thinned Stratum oriens, pyramidal and str. rad. layers (Fig. 1c) . We next evaluated the principal cell morphology, recognizing that DG and distal CA1 dendrites in slm both receive neocortical layerspecific inputs from entorhinal cortical layers II and III, respectively. CA1 also receives the intrahippocampal input from area CA3 at str. rad. dendrites (Fig. 1b) . Accordingly, to determine whether GD17-MAM effects are homogeneous at the level of the principal cell or if instead GD17-MAM effects are circuit specific, we were interested to distinguish the different dendritic compartments in our evaluation.
The structural impact of GD17-MAM on granule cell morphology (Fig. 1d, left panel) is minimal (Fig. 1d , middle panel). The molecular layer of DG receives input from the hilus, medial (MEC) and lateral (LEC) entorhinal cortex in the inner, middle and outer thirds, respectively (Amaral et al. 2007 ). Accordingly, we examined branching in each third separately. To account for potential variations in individual and group differences, dendritic length was normalized to the molecular layer thickness on a neuron-by-neuron basis. After normalization, there are no group differences in any third of the molecular layer (Fig. 1d, right panel) . Branch order and spine density both indicate the potential receptivity of a neuron to its inputs. The branch order has been shown to correlate with place activity of granule cells; branch order ≥ 4 was more likely to be found on active cells and branch order ≤ 3 on silent cells (Diamantaki et al. 2016) . While the branch order in the MEC-targeting middle third is not impacted by GD17-MAM exposure (Fig. 1e, left panel) , the total number of spines (Fig. 1e, middle panel) is higher in GD17-MAM rats (Fig. 1e, right panel) . In summary, GD17-MAM has relatively little impact on DG granule cell morphology, with the exception of increased spine density.
We also examined dendritic length of CA1 pyramidal cells (Fig. 1f) . In control rats, CA1 pyramidal neurons extend further from the cell body than in GD17-MAM rats, in line with our observed reduction of str. rad. thickness in GD17-MAM rats (Fig. 1f, middle panel) . After normalizing for layer thickness on a neuron-by-neuron basis, dendritic length within str. rad., but not slm, is reduced in GD17-MAM rats (Fig. 1f, right panel) . While these data do not address potential differences in number of cells in GD17-MAM and control hippocampus (Sanderson et al. 2012) , these data do indicate that individual principal cells at the hippocampus input and output of GD17-MAM rats have morphological differences that alter, and possibly constrain, their ability to receive neuronal input.
In vivo evoked synaptic responses
We evaluated synaptic responses to stimulation of the main inputs to dorsal DG (perforant path) and CA1 (perforant path and ventral hippocampal commissure) (Fig. 2a, b) , where morphological abnormalities were identified. Responses to separate perforant path and ventral hippocampal commissure stimulation were recorded using a linear electrode array (Fig. 2a) and current source density (CSD) analysis (Figs. 2c, 3a, 4a ) to localize the evoked responses along the somatodendritic axis of dHPC. The wave shapes of the responses to both perforant path and ventral hippocampal commissure stimulations are indistinguishable in GD17-MAM and control rats, suggesting similar biophysical origins (Fig. 2e, f) .
Increased DG spine density in GD17-MAM rats predicts a greater response to perforant path stimulation. Indeed, the extracellular current source in the granule cell layer of DG of GD17-MAM rats is increased prior to the population spike (Fig. 3b) as well as after (Fig. 3c) . We quantified the fEPSP from the CSD in the molecular layer, the termination zone of entorhinal cortex inputs. The synaptic response within the molecular layer is indistinguishable between GD17-MAM and control rats when measured as either the depth of the CSD (Fig. 3d, f) or as the slope of the CSD (Fig. 3g) . However, when measured at the granule cell layer, there is Fig. 2 In vivo evoked potential recording setup. Evoked potentials were recorded from rats under urethane anesthesia. a A 16-site silicon electrode linear array was placed into dHPC such that the recording sites spanned the dendritic compartments of CA1 and DG. b Recording electrodes were identified to have been placed in dHPC in both Control and GD17-MAM rats. Scale bars are 500 µm. c Stimulating wires were placed in the ventral hippocampal commissure or the angular bundle to stimulate the perforant path. Fibers from ventral hippocampal commissure terminate in str. rad. of CA1, while fibers from perforant path terminate in slm of CA1 and in the molecular layer of DG. Example evoked responses from stimulation of ventral hippocampal commissure or perforant path along the 16 sites. The voltage traces have been laid over the CSD to show how the traces correspond to sinks and sources used to identify the main dendritic compartments. For display purposes, the CSD was smoothed in the time direction. d Example traces of evoked responses from control (blue) and GD17-MAM (red) rats after ventral hippocampal stimulation. The lighter blue and red indicate the voltage traces recorded. The darker blue and red are the CSD traces. The green arrows represent the channels that were used to quantify fEPSP and population spiking activity. e Example traces of evoked responses control (blue) and GD17-MAM (red) rats after perforant path stimulation. The lighter blue and red indicate the voltage traces recorded. The darker blue and red are the CSD traces. The light orange arrows represent the channels that were used to quantify the area under the curve at slm and the dark orange arrows represent the channels that were used to quantify the fEPSP and PS. CA1 = cornu ammonis 1 of the hippocampus, CA2 = cornu ammonis 2 of the hippocampus, CA3 = cornu ammonis 3 of the hippocampus, so = stratum oriens, pyr = pyramidal layer, str. rad. = stratum radiatum, slm = stratum lacunosum moleculare, mol = molecular layer of DG, grc = granule cell layer of DG, hif = hippocampal fissure ▸ a nonsignificant trend for a stronger fEPSP in GD17-MAM rats at high stimulation intensities (Fig. 3e, f, h ). The population spike at the granule cell layer is indistinguishable between GD17-MAM and control rats (Fig. 3j ) and the timing of the population spike was not different between groups for any stimulation intensity (group: F 1,12 = 0.20, p = 0.66; stimulation intensity: F 9,4 = 5.11, p = 0.07; Interaction: F 9,4 = 1.95, p = 0.27).
To assess the possibility of an abnormal relationship between these measures of synaptic function, we examined how the measures covary. The linear relationship between the synaptic responses, measured as the slope of the fEPSP, at the dendritic input and the soma of granule cells is shifted in GD17-MAM rats such that the somatic response is proportionally greater for a given dendritic response (Fig. 3k,  l) . This shift is consistent with greater feedforward perisomatic inhibition in GD17-MAM responses to perforant path activation and, in line with this possibility, the sigmoid relationship between somatic response and the population spike is right-shifted in GD17-MAM rats (Fig. 3m, n) .
To further assess inhibition, we examined E-S coupling between the dendritic response in the molecular layer and the population spike, which is not different between GD17-MAM and control rats (data not shown). We then examined paired-pulse responses (Fig. 4a) , finding no group differences in any of the three responses (Fig. 4b-d) . These observations indicate a complex set of changes in the entorhinal cortex-dentate physiology of GD17-MAM rats that may indicate altered excitation-inhibition balance to maintain DG output within normal limits.
Consistent with an apparently normal slm in GD17-MAM rats, the pre-and post-spike sinks and sources are not different between GD17-MAM and control rats after perforant path stimulation (Fig. 3b, c) and there was no difference in the area under the curve for the entire response, measured from 1.5 ms after the stimulation to 20 ms after the stimulation, at any stimulation intensity (group: F 1,12 = 0.55, p = 0.47; stimulation Intensity: F 9,4 = 2.80, p = 0.17; interaction: F 9,4 = 0.72, p = 0.69).
The interaction between potentially changed cable properties and likelihood of synaptic contacts that arise from reduced dendritic length in str. rad. of CA1 complicates predictions for the functional impact of GD17-MAM treatment. CSD analysis of CA1 responses to ventral hippocampal commissure stimulation does not reveal GD17-MAM-associated abnormalities (Fig. 5A-C) , although there is again a nonsignificant trend for the fEPSP responses at the pyramidal layer to be reduced in the GD17-MAM group (Fig. 5d, f, h) . In str. rad, the synaptic activity was indistinguishable between GD17-MAM and control animals when measured either as the depth of the CSD profile 1 ms prior to the population spike (Fig. 5e, f) or when estimating the fEPSP as the negative slope in str. rad (Fig. 5g) . The activity of stratum oriens was difficult to measure consistently in our study, perhaps because the spacing between probe sites of 100 µm was too large for consistent placement in this layer. There was no difference in the timing of the population spikes (group: F 1,8 = 1.74, p = 0.22; stimulation intensity: F 7,2 = 0.61, p = 0.74; interaction: F 7,2 = 0.43, p = 0.83) or in the amplitude of the population spike (Fig. 5j) . Nonetheless, the relationship between the synaptic responses, measured as fEPSP slopes, at the dendritic compartment and the soma is altered; although synaptic responses at str. rad. did not differ, the corresponding synaptic responses at the soma were attenuated in GD17-MAM rats compared to control (Fig. 5k) . Not only is this change opposite to what is observed in DG (Fig. 3k, m) , the relationship between the fEPSP slope at the dendritic input and the soma is not linear in CA1, whereas in DG there is a strong linear relationship between the efficacy of dendritic and somatic fEPSPs. The relationship between the synaptic response and the CA1 output is correspondingly reduced (Fig. 5l) .
Together these data indicate that in both DG and CA1, although the components of the synaptic responses appear to be normal, the relationship between the dendritic input and the somatic output is altered by GD17-MAM exposure.
Discussion
Abnormal neurodevelopment is predicted to result in abnormal adult circuits and function. Adult GD17-MAM animals have diverse abnormalities that include cognitive and motor dysfunction, with relevance to neurodevelopmental Fig. 3 GD17-MAM rats have abnormal evoked synaptic network responses to perforant path stimulation. a Heatmaps of the average CSD across the dorsal hippocampus for control and GD17-MAM groups in response to perforant path stimulation show spiking activity in DG. For display purposes, the CSD was smoothed in the time direction. The gray dashed lines correspond to the time before and after the spiking activity that was quantified in b and c. b The source in the granule cell layer is stronger in GD17-MAM rats in the 1.5 ms after the stimulation was delivered until the spike occurred (t 12 = 23.05, one-tailed p = 0.03). c The source in the granule cell layer is significantly higher in GD17-MAM rats from the spike activity to 20 ms after the stimulation was delivered (t 12 = 26.08, onetailed p = 0.02). There is no difference in pre-or post-spike sink in the molecular layer (Pre-spike: t 12 = 0.34, one-tailed p = 0.37; Postspike: t 12 = 0.99, one-tailed p = 0.18). Average CSD depth profiles (dark lines) and SEM (shaded) were created for d molecular layer and e granule cell layer at low intensity stimulation (100 µA) that did not elicit a population spike and high intensity stimulation (1000 µA) that did elicit a population spike. f The depth profiles were used to examine synaptic activity 1 ms before the population spike time that was elicited by the 1000 µA stimulation. There are no differences in synaptic population responses in the molecular layer or the granule cell layer at either stimulation intensity (mol: 100µA: t 12 = 0.64, p = 0.53; 1000 µA: t 12 = 0.60, p = 0.56; grc: 100µA: t 12 = 0.10, p = 0.92; 1000 µA: t 12 = 1.71, p = 0.11). The fEPSP slope was quantified at g the molecular layer, where input fibers terminate, and h the granule cell layer. There are no difference in DG fEPSPs at either the dendritic or cell layers (mol: group: F 1,12 < 0.01, p = 0.99; stimulation intensity: F 9,4 = 2.94, p = 0.15; interaction: F 9,4 = 0.58, p = 0.77. grc: Group: F 1,12 = 2.78, p = 0.12; stimulation intensity: F 9,4 = 9.37, p = 0.02, interaction F 9,4 = 1.52, p = 0.36). j The PS response to perforant path stimulation is indistinguishable between GD17-MAM and control rats (group: F 1,12 = 0.29, p = 0.60; stimulation intensity: F 9,4 = 3.57, p = 0.12. interaction: F 9,4 = 0.98, p = 0.55). Calibration is the same for g, h, and j. k The relationship between the fEPSP slope at the dendrite (molecular layer) and fEPSP slope at the soma (granule cell) is linear and l the slope is increased in GD17-MAM rats (t 12 = 2.85, p = 0.02). m E-S coupling is right-shifted in GD17-MAM rats compared to control rats, n as indicated by a higher fEPSP 50 in GD17-MAM rats (t 11 = 2.89, p = 0.02). Values are average ± SEM, except in k and m, where each individual value is plotted. Control n = 7, GD17-MAM n = 7 except for G,K, and l control n = 6, GD17-MAM n = 7. so = stratum oriens, pyr = pyramidal layer, str. rad. = stratum radiatum, slm = stratum lacunosum moleculare, mol = molecular layer of DG, grc = granule cell ◂ 1 3 disorders, including schizophrenia and epilepsy (Lodge and Grace 2009; Le Pen et al. 2006; Gastambide et al. 2015; Gourevitch et al. 2004; O'Reilly et al. 2016; Ratajczak et al. 2015; Lucas et al. 2011; Jenks et al. 2013) . The gestational timing of MAM exposure provides an animal model for testing neurodevelopmental hypotheses to explain the origins of schizophrenia. We used the GD17-MAM model to examine the impact of neurodevelopmental insult on adult brain circuitry.
We previously reported that, after accounting for motor abnormalities, adult GD17-MAM rats have relatively intact cognitive abilities, measured using the active place avoidance paradigm, but with a mild impairment to accumulate new spatial memories in this dHPC-dependent task (O'Reilly et al. 2016; Cimadevilla et al. 2001; Pastalkova et al. 2006) . We therefore chose to investigate whether dHPC abnormalities are present at the levels of cellular morphology and synaptic function. The results presented here elucidate how a global neurodevelopmental insult can cause sub-circuit abnormalities, including differential effects in sub-cellular domains. As such, the findings are relevant to how we think about neurodevelopmental insult in general, and the GD17-MAM model in particular, with respect to schizophrenia and other cognitive dysfunction.
The dHPC is understudied in the GD17-MAM model, where the focus has typically been on the ventral hippocampus. The extent to which dHPC is abnormal, either grossly or specifically at sub-circuit levels, is unknown. We examined the input and output subfields and identified subfield-specific morphological abnormalities of the dorsal hippocampus in GD17-MAM rats (Fig. 1) . Instead of gross, non-specific abnormality, we find shrinkage in CA1, but not DG. Within CA1, this shrinkage is restricted to the synaptically defined str. rad. sublayer where intrahippocampal CA3 inputs terminate, indicating inputspecific abnormalities result from GD17-MAM exposure. As might be expected from a neurodevelopmental insult, this circuit-specific pattern of abnormality is likely due to the sequence of developmental events in the hippocampus. Gestational day 17 exposure to MAM, which is expected to last for up to 3 days (Lodge 2013) , coincides with peak neurogenesis in CA1 at GD19 and migration of pyramidal cells from GD18 to birth. This is also the approximate time of arrival of interneurons in str. rad. between GD15-19 that act as pioneer neurons to attract, and initially form synapses with, CA3 Shaffer collaterals (Danglot et al. 2006) . In contrast, Cajal Retzius cells, which attract entorhinal inputs, are the first cells present in the hippocampus marginal zone, identifiable at GD13, Fig. 4 Feedback inhibition appears normal in GD17-MAM rats. a The dentate gyrus is a complex circuit with both feedforward and feedback inhibition. Responses of control and GD17-MAM rats to pairs of pulses are shown at various inter-stimulus intervals (ISI). The response to the first stimulus is shown in black and the response to the second stimulus is shown in blue or red. The lighter lines are voltage responses and the darker responses are CSD, i.e., after correction for volume conduction. Calibration is the same for both control and GD17-MAM. There are no group differences in ratios of the second response to the first response for b population spiking activity (group: F 1,7 = 0.26, p = 0.63; ISI: F 7,1 = 2.98 × 10 4 , p = 0.005; interaction: F 7,1 = 920 , p = 0.03). Post hoc analyses indicated no group differences at any inter-stimulus interval. Additionally, there are no group differences in fEPSP measured at c the granule cell layer (group: F 1,7 = 3.23, p = 0.1; ISI: F 7,1 = 142.5, p = 0.06; interaction: F 7,1 = 1.36, p = 0.6) and d the molecular layer (group: F 1,7 = 0.51, p = 0.5; ISI: F 7,1 = 130.4, p = 0.07; interaction: F 7,1 = 39.7, p = 0.1). There are two phases to the inhibition, an early strong inhibition that occurs until 20 ms, and a persistent inhibition that lasts up to 0.5 s, as seen by the fact that the response ratios do not recover to 1. Values are average ± SEM. Calibration is the same for b-d. For b, c: control n = 5, GD17-MAM n = 5. For d: control n = 4, GD17-MAM n = 5. mol = molecular layer of DG, grc = granule cell layer of DG the outer portion of which becomes slm (Soriano et al. 1994) . This pattern of developing slm and then str. rad. is consistent with the relatively normal slm. branching versus str. rad. branching we observed in rats exposed to GD17-MAM during str. rad. development.
Because the entire developing fetus is exposed to MAM, one might expect other sub-circuit abnormalities in the brain based on the timing of the neurodevelopmental insult. The GD17-MAM model is thought to target the development of limbic and frontal cortices, the latter of which we found no obvious impact of GD17-MAM on general principal cell morphology (data not shown). This impact of timing may help to explain why neurodevelopmental mental illnesses such as schizophrenia tend to be spectrum disorders, which are at once heterogeneous and difficult to differentiate from other mental illness classifications (Kirkpatrick et al. 2001 ; Cross-Disorder Group of the Psychiatric Genomics 2013; Vorstman et al. 2013) .
The compressed str. rad. in GD17-MAM brains, accompanied by reduced dendritic length, implies a disbalance between information coming from CA3, where memories are thought to be stored, and information coming from the entorhinal cortex, which projects the neural representation of current sensory information into slm (Fries 2009; Colgin et al. 2009 ). Despite these morphological abnormalities, and in contrast to findings from behaviorally naïve hippocampus slice experiments (Sanderson et al. 2012 ) synaptic input at str. rad. appeared normal in CA1. In spite of this normal synaptic activity at str. rad, and opposite from findings in naïve hippocampus slices, the coupling between the fEPSP at str. rad. and the soma was attenuated in GD17-MAM rats (Fig. 5) , a finding that could result from a number of abnormalities, such as excitationinhibition disbalance. The attenuated dendritic-somatic functional abnormality from CA3-to-CA1 was distinctive from the amplified dendritic-somatic functional abnormality from entorhinal cortex-to-DG (Fig. 3) . The amplified dendritic-somatic coupling in DG is difficult to interpret because of the feedforward and feedback inhibition in the granule cell layer. Inhibition was not different when pairedpulse stimuli were applied using a protocol that examines feedback inhibition. Overall, these compartment specific modifications reveal a disrupted dHPC circuit in the input, output, and input-output relationships.
The attenuated dendritic-somatic coupling in CA1 and amplified dendritic-somatic coupling in DG, as well as the increase in spines in the molecular layer, point to another level of circuit-specific abnormality in GD17-MAM rats, one that may be due to functional compensation for more primary abnormalities. The DG abnormalities are not easily explained by the timing of GD17-MAM exposure. In DG, 85% of granule cells are born after GD21 (Bayer 1980) , after MAM exposure has occurred. While some of the circuit-specific abnormalities may be a primary effect of the GD17-MAM neurodevelopmental insult, other abnormalities may be a secondary result that is functional compensation, as has been observed in an acute model of hippocampus circuit disruption (Olypher et al. 2006) .
The impact of GD17-MAM on structure of DG granule cells appeared minimal in spite of stronger DG activity after perforant path stimulation, whereas GD17-MAM appeared to greatly alter CA1 pyramidal neurons at the CA3 input even though the response to CA3 stimulation was not different in GD17-MAM and control rats. Consequently, there is a substantial explanatory gap between the neurobiological abnormalities associated with mechanism and the behavioral abnormalities associated with symptoms.
Although some relationships between abnormalities appear straightforward, such as increased spines in the molecular layer of DG and the increased responses to perforant path stimulation at the granule cell layer (Figs. 1,  3) , it is a substantial challenge to identify potential causal relationships to drive understanding of whether and how the majority of these particular abnormalities are related. We would like to speculate as to the causal relationships between the abnormalities we observed at the various levels of investigation and the impact these abnormalities may have on memory formation in GD17-MAM rats. However, understanding these relationships is limited because the current studies are not causal experiments. To develop causal experiments, the field would need a better understanding of the relationships between hippocampus structure, physiology and behavior. Additionally, the two-frame active place avoidance training experience alters what would have otherwise seemed to be fundamental system properties (Park et al. 2015; Pavlowsky et al. 2017; Talbot et al. 2018) , making inferences from slice experiments and whole-brain experiments sometimes difficult to compare [e.g., compare Fig. 5J and Fig. 3 from Sanderson et al. (2012) ]. There may be new opportunities to better understand mental illness by conducting investigations that integrate across levels of biological function (Mitchell et al. 2013) . Given the naturally occurring wide variation that is prevalent in biological systems, how tightly constrained a parameter has to be to yield normal function varies from parameter to parameter (Prinz et al. 2004 ). The key insight in differentiating two groups of subjects might be that one group occupies the margins close to the function/dysfunction border of the parameter space that is typically defined by the healthy subpopulation (Marder and Bucher 2007; Schulz et al. 2007 ).
